Export of fine particulate organic matter (FPOM) was measured from streams draining Catchments 53, 54, and 55 (C53, C54, and C55) at the Coweeta Hydrologic Laboratory for 5 yr, encompassing the driest and wettest years of the past 55-yr record. Macroinvertebrate populations in C54 were reduced for 3 yr by seasonal treatments with insecticide. During pesticide treatment, FPOM concentrations decreased abruptly in C54, remained well below those of reference streams for the 3-yr treatment period, and then increased during the 1st yr of recovery. Macroinvertebrate reduction resulted in an estimated 170-200 kg loss in FPOM export during the 3 yr of treatment and 1st yr of recovery. Annual export of FPOM was strongly related to annual discharge, but the impact of biotic manipulation on FPOM export in C54 was at least as great as that produced by extreme high and low discharges. FPOM export during sampling intervals was directly related to maximum discharge during the intervals. Treatment of C54 significantly reduced FPOM export per unit maximum discharge. Seasonal relationships between FPOM export and maximum discharge indicated more export per unit maximum discharge in summer in reference streams and C54 in untreated years. In contrast, during treatment years of C54, export per unit maximum discharge was lowest in summer. FPOM concentrations measured during storms showed increasing concentrations with increasing discharge in all streams, however, much more FPOM was suspended in the reference streams than in C54. Thus, macroinvertebrate reduction altered the magnitude of FPOM export during storms, the seasonal pattern of export, and the annual export of FPOM. -
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and whole streams (Wallace et al. 2 Present address: Platte River Whooping Crane 1982(2; Cuffney et al. 1990 ). Grazing snails Habitat Maintenance Trust, 2550 N. DiersAve., Suite (Mulholland et al. 1983; Lamberti et al. H, Grand Island, Nebraska 68803. {989 ) and detritivores (Wallace et al. 19826; Acknowledgments Cuffhey and Wallace 1989) increase the rate A. Lingle, F Smith-Cuffhey, P. Egens G. Schurr D. of transport o f FPOM to downstream reachImm, J. Hutchms, S. Golladay, D. D'Angelo, and P. »* ^ ^j-i ± ^ ± Vila assisted with the field and laboratory work. We ,. , _ TI This research was supported by National Science In previous studies at the Coweeta HyFoundation grants BSR 83-16082 and BSR 87-18005 . drologic Laboratory, we have examined the role of macroinvertebrates in the organic matter dynamics of headwater streams and observed that experimental reductions of macroinvertebrate populations resulted in 25-28% reductions of leaf-litter processing rates, increased leaf-litter standing crop, reduced suspended FPOM concentrations, reduced FPOM export, and reduced FPOM export per unit maximum discharge during storms in the 1st yr of treatment (Cuffiiey and Wallace 1989; Cuffney et al. 1990; Wallace et al. 19820, 1986, 199la) . However, it is often very difficult to measure indirect effects such as changes in organic matter dynamics in lotic ecosystems because of temporal variability in inputs, storage, and export (Cummins et al. 1983) . Export is often estimated as the product of instantaneous measures of paniculate organic matter (POM) concentration and discharge over a given interval, frequently with some sort of rating curve. However, discharge and POM concentrations are generally poorly related (Bilby and Likens 1979; Gurtz et al. 1980 ). These studies, as well as those by Cummins et al. (1983) , Cuffney and Wallace (1988) , and Webster et al. (1990) , indicate that infrequent samples and poor rating curves are not good predictors of POM export. Cummins et al. (1983) pointed out both the paucity of and the necessity for longterm studies relating to organic matter export in streams. One approach to estimating long-term export is simulation modeling of POM transport by intensive sampling of a series of individual storms combined with long-term hydrologic data (Webster et al. 1990 ). Cuffhey and Wallace (1988) used another method-a continuous sampling device-and compared instantaneous vs. continuous estimates of export. In a later study (Cuffney and Wallace 1989) , they showed that continuous estimates of total FPOM export were strongly related to, and adequately predicted by, maximum discharge during individual (~2 weeks) time intervals in both manipulated (macroinvertebrate reduction by an insecticide) and unmanipulated streams. However, the 2-yr period (1985 and 1986) of that study encompassed the lowest and 6th-lowest annual streamflows recorded for >50 yr of record. The 2-yr period did not allow a long-term examination of the relationship between annual POM export and discharge. Furthermore, with only 1 yr of data from a manipulation (invertebrate reduction), we could not examine the seasonal relationships between export and maximum discharge in manipulated and unmanipulated streams. These continuous measurements of export have now been collected for an additional 3 yr, which encompass 2 yr of manipulation and the 1st yr of recovery.
Our objectives here are to address the relationship between continuous and instantaneous estimates of export over a 5-yr period that encompasses record extremes in precipitation, the relationship between annual export and annual discharge for a 5-yr period, annual variation in FPOM export vs. maximum discharge during sampling (1-2 weeks) intervals, the influence of macroinvertebrate reduction on seasonal export of FPOM, and the influence of macroinvertebrate reduction on maximum seston concentrations during individual storms.
Study sites
We studied three streams, draining Catchments 53, 54, and 55 at the Coweeta Hydrologic Laboratory (U.S. Forest Service) in the southern Appalachian Mountains of western North Carolina. The catchments are heavily shaded by mixed oakhickory forest and a dense understory of rhododendron which results in year-round shading of the streambed. Allochthonous inputs, primarily deciduous leaf litter, form the major organic inputs into the three streams (Cuflhey et al. 1990 ). The catchments have been described by Wallace (1988, 1989) , Cuffhey et al. (1990) , and Lugthart et al. (1990) . Physical parameters, including extremes in discharge and temperature over the 5-yr period, are presented in Table 1 . Before the present study, C53 was used in an earlier 1-yr (1980) insecticide treatment (Wallace et al. 19826) and experienced rapid (2 yr) functional recovery (Wallace et al. 1986) . By 1985, all invertebrate taxa initially present at the start of treatment had recolonized C53 and secondary production was as great or greater than C54 and C55 (Lugthart 1991 
Methods
Each stream was equipped with an H-flume connected to a Coshocton proportional sampler for continuous collections of FPOM export. The Coshocton sampler shunted 0.6% of the discharge through a series of three large settling barrels that were designed to remove FPOM. These barrels were sampled at biweekly intervals for FPOM Wallace 1988, 1989) . Concentrations of particles in each barrel were measured by filtering three replicate aliquots through glass-fiber filters (Cuffney and Wallace 1989) . The laboratory sequence of processing filters was to obtain ash-free dry mass (AFDM) and the amount of POM in each barrel as described by Cuffney and Wallace (1988) . During nonfreezing months (April through November), discharge was measured with a stage recorder connected to the flume. During freezing periods (December through March), daily average, maximum, and minimum discharge for each stream was estimated from regressions with Catchment 2, which is gauged continuously by the U.S. Forest Service (Cuffney and Wallace 1988) . Consequently, export (Coshocton samplers) and discharge measurements are independent of one another and the relationship of concentration x discharge = export is not used. This avoids problems associated with relating discharge and export.
This study reports only on FPOM (0.45-pm-to 4-mm-diam particles) export. CPOM was sampled in each stream by large (>4 m 3 ) cages (4-mm galvanized mesh wire) located ~5-10 m upstream of the flume. Material sampled by these cages was sorted into various categories (Cuffhey et al. 1990; Wallace etal. 199 la) ; material <4 mm was dried and ashed, and the AFDM added to FPOM export for the interval. The size range we used for FPOM is larger than the typical 0.45-/tm to 1-mm particle size. This adjustment was necessary to match the opening slot (4 mm) on the Coshocton sampler. The larger size fraction has a minute impact on our study because material >250 pm represents a small fraction of total POM transported in Coweeta streams (Gurtz et al. 1980; Wallace et al. 19820) , including the study streams (Cuffhey et al. 1990 ). For example, Wallace et al. (1982a) found that material in the 0.86-5-mm size class-a larger size range than the 1-4 mm increase in our FPOM size class-averaged only 1.3% (SE = ±0.4%) of the total AFDM of transported POM at six Coweeta sites.
Average instantaneous (=grab) concentrations of suspended POM in stream water were measured at the time of barrel and cage collections by filtering 2-8 liters of stream water through ashed and preweighed glassfiber filters for each of 4-9 replicate samples (Cuffhey and Wallace 1988) . The average C.V. for instantaneous samples across all dates was 20.1 (C55), 24.2 (C54), and 25.9% (C53). For barrel FPOM and instantaneous samples, the laboratory sequence of processing filters followed that described above for barrels.
During 12 storms from 1986 through 1989, seston was sampled at the flume of each stream during rising and falling hydrographs of individual storms. For background (prestorm) samples, 0.8-4-liter sample sizes were used; during storms, samples (~500 ml each) were collected by ISCO model 2100 automated water samplers with intakes positioned beneath the flumes of each stream. Sampling was initiated by wetness (rainfall) sensors and stream water was sampled continuously over rising and falling hydrographs (see Golladay et al. 1987) . All samples were filtered (preweighed and ashed Gelman type A/E glass-fiber filters), and processed as described for barrel samplers.
During 3 yr of the study, starting on 12 December 1985, C54 was treated with the insecticide methoxychlor [ 1,1,1-tri-chloro-2,2-bis(p-methoxyphenyl)ethane; CAS No. 72-43-5] at the rate of 10 ppm based on discharge at the flume. The initial 4-h treatment was followed by additional 2-3-h seasonal treatments from March 1986 through October 1988. Additional details of treatment, methoxychlor concentrations, and residues in stream sediments have been given elsewhere (Wallace et al. 1989 ). Information about recolonization by inverte- brates during subsequent treatments came from Wallace et al. (19916) .
Results
Precipitation and discharge-During, the 5-yr study, precipitation averaged 85.7% of the long-term (55-yr record) average of 171 cm yr~' at Coweeta. The first 4 yr (1985) (1986) (1987) (1988) were all dry years and included the 2 yr of lowest precipitation in the 55-yr record (1986 = 124 cm and 1988 = 127 cm). In contrast, 1989 was the wettest year of record (annual precipitation of 235 cm).
Annual discharges for the 5 yr ranged from a low of 0.33 liters s" 1 in C53 to a high of 2.34 in C55 (Table 1) . Ranked in order of increasing discharge, the yearly sequence was the same for all streams with 1986 < 1988 < 1985 < 1987 < 1989 . Although annual discharge in 1986 was the lowest for all streams, instantaneous discharge (Table 1) was highest during this year of record drought. During 1988, there were fewer storm flows than in any other year, whereas 1989 had by far the highest number of days with storm flows where discharge exceeded 3 liters s' 1 (Table 2) . Precipitation also influenced wetted channel areas, which were 29 (C55) to 80% (C53) greater in the wettest year (September 1989) than those near the end of the 4-yr drought (August 1988, Table 1 ). The changes in wetted area are primarily attributable to increases in width, although wetted length of C53 also increased by ~ 30 m at the headwaters.
FPOM concentrations: Instantaneous vs. continuous measurements-Average FPOM concentrations, based on instantaneous samples, for C54 and C55 were comparable and higher than for C53 during the pretreatment period (October 1984 to December 1985 . However, after initial treatment of C54 in December 1985, FPOM concentrations decreased abruptly in C54 compared to the reference streams and remained well below those of the reference streams for the 3-yr duration of seasonal treatments (Fig. l; s«?Cuffhey and Wallace 1989) . During the 1st yr of recovery of C54-the wettest year on record-FPOM concentrations increased relative to the treatment years by factors of ~ 1.4-1.6 x in the reference streams compared with 4.1 x in the treatment stream. Despite the increase in seston concentration for instantaneous samples in C54, 95% C.I. of C54 (x = 0.99 mg AFDM liter" ',±0.31) remained below those of C5 5 (x = 1.76, ±0.41), whereas the C.I. of C54 and C53 (x =1.51, ±0.36) overlapped.
Organic export concentrations based on continuous export measurements (barrel export + CPOM cage FPOM/total discharge in interval) were consistently greater than those based on instantaneous samples for all streams. Continuous export concentrations exceeded instantaneous concentrations during the pretreatment [range =1.58 (C55) to 2.35 x (C53)], treatment [range = 2.58 (C53 and C55) to 3.5 x (C54)], and 1st yr of recovery [range = 1.07 (C5 5) to 1.64 x (C54)] periods.
Instantaneous FPOM concentrations were poorly related to discharge (linear regression) with r 2 ranging from < 0.004 to 0.06 regardless of stream or time period (before, during, or after treatment). For the entire 5-yr period, there was a significant relationship between seston concentrations and discharge hi C54 (r 2 = 0.06, P < 0.05, n = 139) and C53 (r 2 of 0.05, P < 0. 139). However, the relationship explained a very small fraction of the variability.
Over the 5-yr period, annual export estimates based on instantaneous samples (mean concentration at start and end of an interval x discharge during the interval) underestimated continuous export measurements by an average of 45.9% in C53 (range, 16.7-72%), 49.3 in C54 (range, 29.5-76.3%), and 33.2 in C54 (range, 16.3-50.5%) ( Table Table 3 . Annual FPOM export (kg AFDM) for continuous samplers vs. that obtained from instantaneous samples for each year for each stream. Instantaneous estimates consistently underestimated that based on continuous sampling and the differences were greater in dry than in wet years for reference streams C53 and CSS (see Fig. 2 ). 3). Estimates of annual export for all streams, based on instantaneous samples, showed the greatest departure from estimates based on continuous samples during the driest 2 yr of the study (1986 and 1988) . In contrast, instantaneous estimates of annual export for the two reference streams were only 16-17% below that based on continuous samples during the record wet year (1989). Annual export, based on instantaneous measurements and expressed as a percentage (arcsine transformed, Zar 1984) of that obtained by continuous samplers, displayed a significant positive relationship with annual discharge (log m 3 ) for each reference stream (C53: r 2 = 0.95, P < 0.01; C55: r 2 = 0.93, P < 0.02) (Fig. 2) . The differences between continuous and instantaneous methods among years indicates the importance of storms in total transport during dry years. In contrast, the relationship for C54 was not significant (r 2 = 0.54, P > 0.10). Annual FPOM export vs. total discharge-Over the 5-yr period, continuous measurements of annual FPOM export were strongly related to annual discharge for each of the two reference streams with r 2 values of 0.91 (P < 0.02) for C55 and 0.97 (P < 0.005) for C53 (Fig. 3) . Total annual FPOM export was not significantly related to annual discharge for the treatment stream (C54) (r 2 = 0.36, P > 0.20) as export during each of the 3 yr of treatment was much lower than either the pre-or posttreatment year. In fact, export during the 3 yr of treatment of C54 did not show any positive relationship with discharge (Fig. 3) . When all data from C53, C55, and C54 (pre-and post- the study, we showed that maximum discharge during the sampling interval is a good predictor of FPOM export for barrel samplers, and reduction of macroinvertebrate populations in C54 reduced the amount of FPOM export per unit peak flow (liters s" 1 ) during the 1st yr of treatment (Cuffney and Wallace 1989) . Extending our analysis to all 5 yr and including FPOM collected from CPOM cages in the estimate of export, we found that C54 export was consistently lower than that of C53 and C55 during each treatment year (slopes in Table 4 ). FPOM export-maximum discharge slopes were highest for all three streams in 1989-the wettest year.
Continuous samplers
During 1989, five of the sampling intervals contained multiple storms, e.g. >2 d where discharge increased >3 liters s" 1 in a 24-h period. It was thought that multiple storms might have a negative impact on the regressions; therefore, the analysis was repeated and intervals with multiple storms were excluded. Exclusion of intervals improved the fit of the regressions slightly. However, none of the slopes changed significantly (Table 4) .
The failure of the 1989 FPOM exportmaximum discharge slopes to change significantly with exclusion of multiple storms Table 4 . FPOM export (g AFDM) per collection interval as a function of maximum discharge (liters s~') based on linear regressions through the origin with maximum discharge as X and g AFDM of FPOM exported (barrel + CPOM cage FPOM) during collection interval. Streams are ranked by slope values for each year. The 95% C.I. is for the slope, and P < 0.001 for all regressions.
Stream, year C53, 1985 C55, 1985 C54, 1985 C54, 1986f C53, 1986 C55, 1986 C54, 1987f C53, 1987$ C55, 1987| C54, 1988t C53, 1988 C55, 1988 C53, 1899 C54, 1989 C55, 1989 C53, 1989 Fig. 4 . Seasonal yield of FPOM based on slopes of seasonal regressions (±95% C.I.) where seasonal regressions of FPOM export (barrel + CPOM cage FPOM) are a function of maximum discharge (liters s~') during the collection interval. Regressions were constrained to pass through the origin. Autumn-October, November, and December; winter-January, February and March; spring-April, May, and June; summer-July, August, and September. C54 treated-treatment years (1986) (1987) (1988) ; C54 untreated-pre-and posttreatment years (1985 and 1989) . considerable magnitude in dry years can influence the relationship.
Seasonal slopes for FPOM export vs. maximum discharge-Among untreated streams, including pre-and posttreatment years for C54, there was a strong tendency for FPOM yield per unit peak discharge to increase from autumn to summer (Fig. 4) . Only the autumn and winter seasons were reversed in C53. In contrast, the pattern in C54 during treatment years was largely opposite (autumn > winter > spring > summer). Thus, macroinvertebrate reduction in C54 altered both the magnitude of response of FPOM export to hydrologic events, especially summer storms, as well as the temporal (seasonal) pattern of export per unit peak discharge.
Seasonal slopes for FPOM export vs. maximum discharge during each collection interval indicate much lower amounts of FPOM export per unit peak discharge in all seasons for C54 during the 3-yr treatment (Fig. 4) . Calculations based on data from pre-and posttreatment years (1985 and 1989) for C54 indicated that slopes of the regressions were higher for all seasons in this stream than in either C53 or C55, although the 95% C.I. of slopes for C54 during the nontreated years extensively overlapped those of reference streams. In contrast, the 95% C.I. of slopes for C54 during the 3-yr treatment did not overlap those for C53 and C55 during any season. Exclusion of 1989 data (record high precipitation) from all analyses did not significantly alter the above results as C54 pretreatment data alone had higher slope values for all seasons than either C53 or C55. The overall effects of the high rainfall in 1989 were to increase all seasonal slopes for FPOM export vs. maximum discharge.
Storm FPOM concentrations-The differences in slopes of the FPOM exportmaximum discharge regressions among treatment years and seasons suggest fundamental differences in the response of manipulated and unmanipulated streams to storms. Automated sampling devices were deployed to measure seston concentrations over rising and falling hydrographs of a series of 12 storms in treatment (C54) and reference streams. POM concentrations increased rapidly during rising hydrographs in all streams (Fig. 5) ; however, much more POM was suspended during the rising hydrograph in streams draining C53 and C55 than in those draining C54 (maximum concentrations in the reference streams were 2-19 x greater than C54 during treatment years, Table 5 ). In contrast and despite disparities in the local intensities of storms, the ratio of maximum concentrations (range 0.2-3.9; x, 1.1) between the reference streams was much lower than that between treatment and reference streams. The difference observed between C54 and reference streams decreased during Ist-yr recovery as FPOM concentrations in C53 ranged from 0.9 to 3.4 x (jc = 2.2) those of C54, and the corresponding values for C54 and C55 ranged from 1.0 to 2.2 x (x = 1.7).
Cumulative treatment effects-Over the 5-yr period, the measured FPOM export exceeded that predicted by the maximum discharge-FPOM export regressions from the pretreatment year in reference streams bỹ 76 (C53) to 113 kg (C55). In contrast, export from C54 was ~89 kg less than that predicted from pretreatment year regressions at 1,830 d, or the end of the 1st yr of recovery (Fig. 6) . When data are plotted as cumulative departures in kg AFDM (measured -predicted) through time (Fig. 6 ) over the 5-yr period, the measured export exceeds that predicted from the Ist-yr regressions for C53 and C55, while that of C54 is much less than predicted. By the end of the 1,830-d period, the average difference in cumulative departure between reference and treated streams was ~ 179.2 kg AFDM of FPOM export (C53 and C54 = 161 kg, and C55 and C54 = 197.5 kg, Table 6 ). Thus, assuming that C54 in the absence of treatment would have exhibited a response similar to C53 and C55, we would anticipate that export in this stream was reduced by 56% (179.2/319.2) during the 3-yr treatment and Ist-yr recovery period.
Discussion
Despite experimental limitations inherent in working with natural ecosystems (e.g. experimental control and replication), we have now twice documented remarkable changes in streams treated with methoxychlor; these changes can clearly be attributed to treatment. The reduction in macroinvertebrate populations, accompanied by reductions hi litter processing (Cuffhey et al. 1990 ) and FPOM export (Cuffhey and Wallace 1989, this study), closely parallels those of our earlier and less extensive manipulation of C53 (Wallace et al. 1982a (Wallace et al. , 1986 .
Our measurements of export over the 5-yr Table 5 . Maximum FPOM concentrations (mg AFDM liter" 1 ) as measured with automated samplers and maximum discharge (liters s~') for each storm during several storms in streams draining C53, C54, and C55. The first seven dates are during treatment and the last five during Ist-yr recovery of C54. (Table 4) based on maximum discharges. Note that measured export exceeds predicted export in the reference streams (C53 and C55), whereas predicted export exceeds measured export in the treatment stream (C54). Starting (S) and ending dates (E) of the 3-yr treatment of C54 are indicated.
period include the extremes of precipitation for the 5 5-yr of record at Coweeta and should give a reasonable assessment of extremes in annual export of FPOM from these streams. Annual discharge varied by 3.5-5 x among years; however, annual FPOM export varied much more among years in the treatment stream (7.8 x) than in either reference stream (3.2 x in C53 and 4.2 x in C55). Thus, the impact of biotic manipulation on FPOM export was at least as great as that produced by the extreme high and low dis- charges of the last half century. Export measurements based on instantaneous estimates (concentration x discharge) indicated a much greater variability in annual FPOM export during the 5-yr period and underestimated actual export in all 5 yr (Table 3) . These underestimates were much greater in drought years, emphasizing the greater importance of infrequent storms in mediating total FPOM export in dry years. The influence of macroinvertebrates on CPOM processing (Cuffhey et al. 1990 ) and FPOM export (Cuflhey and Wallace 1989, this study) that we observed is much greater than predicted by Webster's (1983) simulation model for a Coweeta stream. This difference is due to the higher standing stock abundances, higher secondary production Lugthart 1991) , and higher feeding rates of dominant groups such as Chironomidae (Schurr and Wallace in prep.) in our small streams compared to the larger 2nd-order streams as well as the lit-erature values used by Webster to develop his model. However, our results do agree with Webster's model in that macroinvertebrates have a greater role in FPOM export during summer months as shown by the large slopes of the maximum discharge-FPOM relationships observed during summer in reference streams (Fig. 4) . Studies at Hubbard Brook (Bormann et al. 1974 ) also found that summer flows were more effective in exporting paniculate matter, probably due to greater biologic activity in summer, as also suggested at Coweeta (Webster 1983; Webster et al. 1990 ).
In our reference streams and C54 during untreated years, the higher export per unit maximum discharge observed in summer was probably due to minimal leaf-litter standing crops in summer (e.g. Golladay et al. 1989) leading to reduced FPOM retention, summer thunder showers producing rapid increases in flow , and increased growth rates (Huryn 1990) , feeding activities (Schurr and Wallace in prep.), and peak abundances of many invertebrates, which may influence the availability of particles amenable to transport. However, the seasonal pattern of export per unit maximum discharge shown in Fig. 4 does not suggest a biotic relationship directly proportional to temperature. The observed sequence of export per unit maximum discharge in nonsummer seasons (spring > winter > autumn) may reflect the interplay of opposing periods of maximum macroinvertebrate standing stock biomass (spring) and maximum leaf-litter standing crops (autumn).
Slopes from C54 during the period of treatment were lowest in summer and seasonal patterns ran opposite to those of reference streams and C54 in untreated years, which strongly implies that macroinvertebrate reduction not only lowered FPOM export but also the response of the stream to storms. There is no evidence to indicate that either bacterial abundance or leaf, wood, or sediment respiration were reduced by insecticide treatment (Cuflhey et al. 1990 ). Hyphomycete fungal activity was apparently unaffected by treatment (Suberkropp and Wallace unpubl. data).
The lower summer export per unit increase in storm discharge in C54 during treatment may be attributed to reduction in macroinvertebrate standing stocks and their feeding activities and to significantly higher accumulations of leaf litter resulting from lower rates of leaf-litter processing (Cuffhey et al. 1990 ). The initial treatment greatly reduced standing stock abundances and biomass of most macroinvertebrate taxa (Wallace et al. 1989) , secondary production of most functional groups by >67°/o (or 1.1 kg AFDM yr-1 for the stream: Lugthart 1991), FPOM generation by shredder activity (Cuflhey et al. 1990) , and rates of FPOM turnover by collector-gatherer taxa such as chironomids (Schurr and Wallace in prep.). The above items suggest that much of the rapid decline in baseflow concentrations of FPOM after treatment ( Fig. 1) was due directly to feeding activities of invertebrates (Cuflhey et al. 1990) . Others, working with other functional groups (periphyton grazers), have reported increased FPOM export in laboratory streams attributable to macroinvertebrate feeding activities (Mulholland et al. 1983; Lamberti et al. 1989) .
Leaf-litter accumulation may also account for the altered response of C54 to storms. By the third summer of treatment, standing crop of leaf litter in the wetted channel of C54 was significantly higher (2-3 x) than in either C53 or C55. In contrast, during the pretreatment year no significant differences existed among streams (Wallace et al. 199la ) and all streams exhibited the same seasonal patterns of FPOM export. Increased litter accumulations in C54 may have increased retention of FPOM, thereby reducing export (e.g. Short and Ward 1981) . Standing crops of fine benthic organic matter (FBOM) were high (>400 to >500 g AFDM m~2) in all streams. In addition, despite lower processing rates of CPOM to FPOM in C54, FBOM standing crops actually increased slightly from the pretreatment year to the 1st yr of treatment ), which implies higher retention.
The large increase in slopes of the FPOM export-maximum discharge regression observed in the reference streams in the wet year, 1989 (Table 4) , was probably due to an increase in wetted channel area (Table 1 ). This effectively increased the area of instream biotic processing by 29-80% compared to drought years. Thus, subsequent storm-flow export was originating from a larger instream source area. Furthermore, CPOM export was considerable in 1989 [33 (C53) to 38% (C55) of all CPOM export in the 5-yr period] and the storms redistributed much of the leaf material in patches within and along the margins of streams (pers. obs.), which undoubtedly reduced FPOM retention during storms.
As leaf litter accumulated in C54 during treatment, we expected that the slope of the export-maximum discharge regressions would continue to decline during the 3-yr treatment period. This expectation held for the first 2 yr of treatment despite > 2-fold increase in total discharge from 1986 to 1987. However, there was an increase in slope during 1988. Seston concentrations at baseflow did not change during 1988-only the response to storms-as indicated by the increase in slope (Table 4 ). The increased FPOM export during storms was probably the result of a single storm early in 1988 that felled a large oak tree adjacent to the stream channel, 22 m upstream of the FPOM sampler. The fallen tree exposed a large (~ 1.7-m diam) root mass with adhering soil and organic particles above and within the stream channel, which undoubtedly contributed substantially to storm export. By early 1989, only the bare root mass remained and it was not a contributing factor to the increase in slope observed in 1989.
The percentage increase in slope of the FPOM export-maximum discharge regressions from 1988 to 1989 was much greater in C54 than in either C53 or C55 (Table 4) , indicating rapid recovery of this stream. Rapid recovery is supported by data on breakdown rates of red maple and rhododendron leaves which were as fast, or faster, during 1989 in C54 than those in C53 or C55. Leaf processing rates in C54 were faster than those measured during the 3-yr treatment period (Wallace et al. unpubl. data) , apparently due to two rapidly colonizing taxa of macroinvertebrate shredders, Lepidostoma spp. (Trichoptera) and Tipula sp. (Diptera). On the basis of the available evidence, high vagility of some insect taxa (Wallace et al. 19916) , rapid increases in leaf-litter processing rates, marked increases in FPOM concentrations (Fig. 1) and export (Table 3) , increased slopes of FPOM export-maximum discharge regressions (Table 4 and Fig. 4) , and maximum FPOM concentrations measured during storms (Table 5) , recovery of C54 was well underway in 1989.
The decrease in annual invertebrate production (1.1 kg AFDM) in C54 was accompanied by a two-order-of-magnitude decrease in FPOM export (Table 6 ) between 1986 and 1989. Streams are the most obvious means by which paniculate substances are lost from forested ecosystems; stream fauna, though representing a minute portion of total catchment biomass, exert considerable influence on the amount and timing of export. The reduced export from these headwater streams may have important ramifications for downstream communities dependent on leakage of organic matter and nutrients from upstream sources. For acute disturbances such as pesticides, chemical spills, etc. or especially for more pervasive long-term chronic events such as acidification and the potential impact of global climate change, the impact of such disturbances on the fauna of headwater streams may have far-reaching consequences for stream ecosystem functions. The preservation of faunal diversity, abundances, biomass, and secondary production in extensive headwater drainage systems should be an important consideration in downstream management.
